pDual-P1-3CD (Fig. S1 ). Recombinant baculoviruses were subsequently generated using the 144 Bac-to-Bac system (Invitrogen). In brief, the recombinant plasmids were transformed into 145 DH10Bac E. coli (Invitrogen) 160S for empty capsid and virion bands, respectively. Absorbance measurements of the 228 empty capsid and virion fractions indicated that the former had no detectable nucleic 229 acid, whereas the latter contained RNA (Fig. 2) . SDS-PAGE of the virion fraction 230
showed that the vast majority of VP0 had been processed to VP2 (VP4 was not visible 231 on these gels, Fig. 1B) . Only a small amount of VP0 was left intact (1, 37). In negative 232 stain transmission electron microscopy (TEM), virions were uranyl acetate 233 impermeable (Fig. 1D) . 234
Though the empty capsid fraction appeared to be RNA free based on absorbance 235 spectra (Fig. 2) , the proteins in the empty capsid fraction appeared to be heterogeneous. 236
A readily visible band on SDS-PAGE indicated that substantial VP2 was present in 237 empty capsid, as well as the expected VP0 (Fig. 1B) . TEM showed that while most 238 capsids were uranyl acetate permeable, a fraction was not (Fig. 1D) . Western blots 239 using polyclonal antibody (pAb) raised against mature virions showed recognition 240 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from 12 primarily of VP1 in both empty capsid and virion fractions (Fig. 1C) . Thus, both empty 241 capsid and virion fractions are complexes of the P1 proteins. However, based on 242 processing of VP0 observed by SDS-PAGE, our data suggested that some of the 243 particles in the empty capsid fraction were virions that had actually undergone 244 maturation cleavage but had lost their RNA genomes (possibly during purification). 245
These heterogeneous particles were not suitable material for rigorous assembly studies. 246
To obtain sufficient quantities of homogeneous BEV capsid proteins, a baculovirus 247 expression system was established (5). Co-expression of the P1 structural protein and 248 the 3CD protease by recombinant baculovrirus in insect cells led to overexpression of 249 the P1 cleavage products VP0, VP1 and VP3, as shown by SDS-PAGE and Western 250 blot analysis (Fig. 3A and 3B ). These could be purified in the form of empty capsid-like 251 particles, all of which were stain permeable (Fig. 3C) . Absorbance spectra indicated 252 that no detectable RNA co-purified with these empty capsids (Fig. 2) . There was no 253 evidence of cleavage of VP0 to VP2 and VP4, confirming a homogeneous composition 254 of immature capsid proteins. 255 BEV empty capsid assembles from twelve pentamers into a dodecahedron. To 256 provide a detailed description of BEV assembly, it was first necessary to define the 257 basic unit and product of assembly. Serendipitously, we observed that purified 80S 258 empty capsids, when incubated in low ionic strength buffer at 4 °C, dissociated into a 259 smaller complex that resembled 14S particles described in previous picornavirus 260 assembly studies (31, 37). Furthermore, we observed that these 14S particles 261 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from 13 reassociated at higher ionic strength and temperatures. 262
To determine the identity of the assembly unit and product, these 14S particles and 263 in vitro assembled products were subjected to size exclusion chromatography (SEC) 264 analysis coupled with multi-angle laser light scattering (MALLS). This technique 265 measures the weight-average molecular weight (Mw) based on scattering extrapolated 266 to 0° angle, and the diameter of the solute based on the angular dependence of 267 scattering. The 14S particles eluted as a single symmetrical peak at 14.3 mL on a 22 mL 268 Superose 6 column equilibrated in PS buffer (20 mM phosphate, 150 mM NaCl, pH 6), 269 suggesting homogeneity (Fig. 4) . In vitro assembled product also showed a 270 symmetrical peak eluted at 9.4 mL, with a small peak eluted at 14.3 mL (Fig. 4) . The 271 reduction of the height of the peak at 14.3 mL and appearance of the symmetrical peak 272 at 9.4 mL suggest direct transition from the 14S particles to a uniform-sized product. 273
The Mw of the 14S particle was determined to be 488 ± 10 kDa, within 5% of the 274 calculated mass of 462 kDa for a pentameric complex of VP0, VP1, and VP3. The Mw 275 of the assembled product was determined to be 5.79 ± 0.11 MDa, within 4% of the 276 calculated mass of 5.57 MDa for a capsid of twelve pentamers. The radii of gyration of 277 the 14S particles and 80S capsids in solution were measured to be 8.2 ± 1.2 nm and 13.2 278 ± 0.6 nm, respectively. These values are near the lower limit that can be measured with 279 the 658 nm light source of our MALLS instrument, yet they are consistent with radii of 280 putative pentamer and empty capsid measured by TEM and calculated values (7.8 nm 281
for pentamer and 15.5 nm for virion) from the crystal structure of BEV (35) There are many ways to arrange 15 proteins to obtain a mass of 488 kDa. To define 284 the geometry of the assembly unit, we determined the structure of the 14S particles 285 under low salt conditions by TEM and image reconstruction. Electron micrographs of 286 negative stained 14S particles revealed a consistent regular pentagonal morphology 287 (Fig. 5A) . Most of these 14S particles had diameters of about 16 nm, consistent with the 288 MALLS measurement. Without imposing any symmetry constraints, the 2-dimensional 289 (2-D) class averages of the particles displayed a distinct fivefold symmetry (Fig. 5B) . A 290 3-D model based on the negative stain images, generated to 30 Å resolution, also 291 indicated a fivefold symmetric pentamer (Fig. 5C ). Negative stain EM reconstruction 292 only showed the external envelope of the pentamer. Nonetheless, the pentamer density 293 clearly showed features seen in the mature virus including the "canyon" surrounding a 294 putative VP1 plateau centered on the fivefold symmetry axis. A model pentamer, 295 derived from 1BEV, fit the density map with remarkable fidelity (Fig. 5D) . 296
Empty capsid assembly is reversible, dependent on solution conditions. To 297 quantitatively describe in vitro assembly, we tested conditions for their influence on the 298 assembly reaction and the reversibility of assembly. First, pH was tested for its effect on 299 assembly. Initially, the capsid proteins from insect cells were purified at 4°C using RSB 300 buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA) at pH 7.4. Surprisingly, 301 however, there was significant amount of aggregation in assembly reactions in pH 7.4 302 buffer after 10 min incubation at 37°C, shown by the amount of protein eluted in the 303 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from 15 void volume (about 7.2 mL) preceding the capsid peak (about 9.4 mL) on Superose 6 304 column (Fig. 6A) . A series of pH values were tested. Stronger association 305 (demonstrated by lower concentrations of pentamers) and aggregation were observed at 306 higher pH. Minimal aggregation for in vitro capsid assembly was observed at pH 6 (Fig.  307   6A) , which was used in subsequent assembly reactions. 308
To gain a feeling for the time course of assembly and investigate the effect of 309 temperature, we monitored assembly kinetics by 90° light scattering (LS). LS, 310 measured 90° from incident, is extremely sensitive to the weight-average molecular 311 weight of the solute. For these studies, pentamers in low salt buffer at pH 6 were 312 pre-incubated at indicated temperatures. Assembly was initiated by increasing the NaCl 313 concentration. As shown in figure 6B , there was no visible assembly at or below 24°C 314 within the experimental time frame. With temperature increasing from 27°C to 40°C, 315 both rate of change and overall LS signal increased. The higher LS signal indicated that 316 more assembly was occurring. The temperature dependence of the amount of 317 assembled capsid suggested that the assembly reaction was entropy-driven; this result 318 is also consistent with the stability of pentamers at 4°C. 319
Using PS buffer (20 mM phosphate, 150 mM NaCl) at pH 6, the assembly reaction 320 was shown to be reversible as a function of ionic strength and temperature. Purified 321 capsid proteins were prepared in buffer PS with 150 mM NaCl, allowed to assemble at 322 37°C for 10 minutes, and then transferred to PS with final NaCl concentrations of 0, 50, 323 150, 500, and 1000 mM. To allow the maximal range in re-assembly conditions, 324
on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from reactions at 0 and 50 mM NaCl were incubated at 4°C; reactions at 150, 500, and 1000 325 mM NaCl were kept at 37°C. All re-assembly reactions were evaluated by SEC. In 150 326 mM NaCl, assembly reaction was shown as a mixture of about 25% capsid and 75% 327 pentamer (Fig. 7) . When this mixture was transferred to higher NaCl concentrations, 328 the fraction of capsid increased; in lower NaCl concentrations, the fraction of pentamer 329 increased, indicating a reversible assembly reaction. In 1 M NaCl, nearly 95% of the 330 protein was in capsid form; but these capsids didn't dissociate when the ionic strength 331 was reduced. We suggest that this irreversible high salt assembly is analogous to the 332 native-to-heated (N→H) conformational transitions observed for poliovirus 80S 333 particles subjected to high ionic strength CsCl gradient purification (25) . 334 Thermodynamic analysis revealed that empty capsid assembly is driven by 335 weak protein-protein interactions. To determine capsid association energy, it is 336 necessary to demonstrate that assembly is reversible (e.g. Fig. 7 ) and can reach 337 equilibrium. A characteristic of a capsid assembly reaction at equilibrium is that a 338 pseudo-critical concentration (K D,apparent ) is apparent in plots of the concentration of 339 capsid and free subunit fractions as a function of total subunit concentration (9, 44) . nM; this agrees with the x-intercept of the trend line for capsid (Fig. 8) . 349
To determine the pairwise association energy, we applied the theoretical model 350 developed previously (44) expression system (5) that provided homogeneous self-assembling proteins that were 368 indistinguishable from native particles ( Fig. 1 and 3) . The ability of pentamers to 369 spontaneously assemble into empty capsids in a simple buffer system showed that 370 assembly promoting factors were not necessary to form empty capsid from 14S 371 pentamers in vitro, and therefore, such factors may be unnecessary in vivo 372
To allow a detailed analysis of assembly reactions, we first defined assembly 373 reactants and products. Based on sedimentation values, it has been generally accepted 374 that 14S particles are pentamers and empty capsids are thus composed of 12 14S 375 particles (8, 31). Roles for smaller components (e.g. 5S particles or individual proteins) 376 in assembly reactions had not been ruled out nor had fivefold symmetry of 14S been 377 determined. Applying the sensitive and accurate mass measurement provided by 378 SEC-MALLS to purified reaction components, we unambiguously showed that 379 pentamers are the basic assembly units and empty capsids are assembled from 12 380 pentamers (Fig. 4) . These results are consistent with the size and pentagonal shape of 381 14S particles determined by negative stain image reconstruction (described in the next 382 paragraph). To our knowledge, this is the first time definitive measurements have 383 identified 14S as a pentagonal pentamer. 384
To further understand the structural basis of assembly, we examined the pentamer 385 using negative stain TEM and obtained a 3-D model at 30 Å resolution (Fig. 5) 
